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Abstract: Background: Airway epithelial injury is common in respiratory diseases and post-surgical
conditions, leading to impaired barrier function and delayed healing. There remains an urgent need for
localized biomaterial-based therapies to support epithelial repair under oxidative stress. Methods: We
developed a self-healing injectable hydrogel based on chitosan and oxidized dextran, crosslinked via
dynamic imine bonds. N-acetylcysteine (NAC) was encapsulated as a therapeutic payload. The hydrogel
was characterized for rheological recovery, drug release kinetics, and evaluated in vitro using airway
epithelial cells. Results: The hydrogel exhibited excellent self-healing behavior and sustained NAC
release over 48 h. It promoted cell proliferation, enhanced migration in scratch assays, and upregulated
ZO-1 expression. In an H2O2-induced injury model, NAC-loaded hydrogels significantly restored cell
viability to near-normal levels. Conclusion: This NAC-loaded self-healing hydrogel provides both
mechanical and biochemical support for airway epithelial repair. It offers a minimally invasive platform
for localized treatment of airway injuries, with potential applications in respiratory disease management
and post-operative mucosal healing.
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1. Introduction
The airway epithelium plays a critical role as the first-line defense against inhaled pathogens,

particulates, and environmental toxins. Integrity of the epithelial barrier is essential for mucociliary
clearance and immune homeostasis [1,2]. However, in various respiratory diseases—including asthma,
chronic obstructive pulmonary disease (COPD), and post-surgical trauma—this epithelial barrier is often
disrupted, leading to impaired function, persistent inflammation, and delayed healing [3–5]. Effective
restoration of epithelial continuity and tight junctions is therefore central to airway mucosal repair
strategies [6,7].

Conventional treatments for airway injury primarily rely on systemic anti-inflammatory drugs and
nebulized agents, which suffer from low localization efficiency, rapid clearance, and poor retention
at the lesion site [8,9]. Localized biomaterial-based delivery platforms have emerged as promising
alternatives, offering controlled drug release and microenvironmental support [10,11]. In particular,
injectable hydrogels have received increasing attention due to their ability to fill irregular defects,
conform to mucosal surfaces, and serve as carriers for therapeutic agents [12–14].

Self-healing hydrogels based on dynamic covalent chemistries offer unique advantages for airway
applications [15,16]. Their reversible crosslinking allows rapid structural recovery under mechani-
cal stress—an important feature for deployment in dynamic environments such as the respiratory
tract [17,18]. Among various chemistries, Schiff base formation between amine and aldehyde groups
has been widely employed for its mild reaction conditions and tunable gelation kinetics [19,20].
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The airway mucosal surface is continuously exposed to airflow, mucus secretion, and ciliary
clearance, which make local drug retention particularly challenging. Therefore, materials designed for
airway delivery must not only provide sustained drug release but also maintain strong surface adhesion
and structural stability under dynamic mechanical stress. Recent studies on local biomaterial delivery
platforms have demonstrated that injectable, tissue-conformal, and self-healing hydrogels can overcome
these challenges by adhering to mucosal tissues and resisting shear forces, thereby achieving prolonged
residence and localized therapeutic efficacy [21]. Inspired by these principles, our hydrogel system was
designed to form in situ, adhere intimately to the airway epithelium, and be well tolerated by epithelial
cells without triggering irritation or cytotoxicity. Such features are crucial for ensuring stable retention
and biocompatibility during airway epithelial repair. In this study, we report a dynamic imine-crosslinked
injectable hydrogel composed of chitosan and oxidized dextran (ODex), designed for local airway
delivery of N-acetylcysteine (NAC)—a clinically approved mucolytic and antioxidant agent. NAC has
been widely used for respiratory indications due to its ability to scavenge reactive oxygen species (ROS),
replenish intracellular glutathione, and modulate inflammation. However, its short half-life and poor
mucosal retention limit its therapeutic efficacy in injured tissue [22,23].

Here, we hypothesize that an injectable NAC-loaded self-healing hydrogel can provide structural
support and sustained biochemical stimulation to promote airway epithelial repair. We systematically
evaluated the hydrogel’s rheological properties, drug release behavior, and pro-regenerative effects
using in vitro epithelial cell models. Assays were performed to assess cell viability, migration, tight
junction protein expression (ZO-1), and oxidative injury recovery. This integrated platform may provide
a minimally invasive, biomaterial-assisted strategy for treating airway epithelial damage in a wide range
of clinical settings.

2. Materials and methods
2.1. Materials

Chitosan (degree of deacetylation ≥90%) and dextran (Mw ~100 kDa) were purchased from Macklin
(Shanghai, China). Oxidized dextran (ODex) was prepared by reacting dextran with sodium periodate
under dark conditions. N-acetylcysteine (NAC), hydrogen peroxide (H2O2), CCK-8 reagent, and other
standard biochemical reagents were obtained from Sigma-Aldrich unless otherwise specified. Human
bronchial epithelial cells (BEAS-2B) were obtained from ATCC.

2.2. Rheological self-healing test
The self-healing ability of the hydrogel was evaluated by time-dependent rheological measurements

using a rotational rheometer (TA DHR-2) with a 20 mm parallel plate at 25◦C. The hydrogel was
subjected to a step-strain program:

1% strain (300 s) → baseline modulus,
300% strain (300 s) → network disruption,
return to 1% strain (900 s) → modulus recovery.
The storage modulus (G′) and loss modulus (G′′) were recorded over time. All samples were prepared

by mixing 2% (w/v) chitosan and 2% (w/v) ODex at a molar ratio of 1:1.

2.3. In vitro NAC release assay
The release profile of NAC from the hydrogel was measured by incubating NAC-loaded hydrogels

(200 µL each) in 2 mL PBS (pH 7.4) at 37◦C. At predetermined time points (0–48 h), 1 mL supernatant
was collected and replaced with fresh PBS. The NAC concentration was quantified using UV–Vis
spectrophotometry at 210 nm. All experiments were performed in triplicate, and cumulative release (%)
was calculated.

2.4. Cell viability (CCK-8 assay)
BEAS-2B cells were seeded into 96-well plates (5 × 10³ cells/well) and incubated overnight.
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After 24, 48, and 72 h, CCK-8 reagent (10 µL/well) was added, and cells were incubated for 2 h.
Absorbance at 450 nm was measured. Cell viability was normalized to the control group and reported
as mean ± SD (n = 5).

2.5. Cell migration (scratch assay)
BEAS-2B cells were seeded into 6-well plates and cultured to ~90% confluency. A sterile pipette

tip was used to scratch the cell monolayer to form a straight wound. After washing with PBS, cells
were treated with Control medium, Gel, or Gel+NAC hydrogel-conditioned medium. After 24 h, wound
closure was visualized under an inverted microscope (100×), and representative images were collected.
Cell morphology, migration, and fluorescence staining were observed using an inverted fluorescence
microscope (Olympus IX73, Olympus Corporation, Japan). Images were captured under identical
exposure settings for all groups. A scale bar of 200 µm was included in each image. Quantitative image
analyses, including scratch width and fluorescence intensity, were performed using ImageJ (NIH, USA)
by two independent researchers in a blinded manner.

2.6. ZO-1 immunofluorescence and quantification
Cells treated as above were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-

100, and blocked with 5% BSA. ZO-1 expression was visualized using anti–ZO-1 primary antibody
(1:200) followed by Alexa Fluor–conjugated secondary antibody. Nuclei were counterstained with
DAPI. Images were acquired by fluorescence microscopy and analyzed using ImageJ for relative
fluorescence intensity. Data are expressed as % of control (n = 3).

2.7. Oxidative injury and viability rescue
To model oxidative injury, BEAS-2B cells were incubated with 300 µM H2O2 for 2 h. After washing,

after 24 h of incubation, CCK-8 assay was performed as described above. Viability was expressed
relative to untreated, undamaged control cells (set as 100%).

All quantitative data are presented as mean ± standard deviation (SD). Statistical analyses were
performed using GraphPad Prism 9.0 (GraphPad Software, USA). Differences among groups were
evaluated by one-way ANOVA followed by Tukey’s post-hoc test. A value of p < 0.05 was considered
statistically significant, and the levels of significance are indicated in the figures as follows:
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****).

Each experiment was independently repeated at least three times (n = 3), and the number of replicates
is indicated in the corresponding figure legends.

3. Results
As shown in Figure 1, a chitosan/oxidized dextran-based injectable self-healing hydrogel was

designed to deliver N-acetylcysteine (NAC) for epithelial repair. The hydrogel forms rapidly at the
site of injury via dynamic Schiff base crosslinking, conforming to the lesion geometry. NAC, a
known antioxidant and anti-inflammatory agent, is encapsulated within the hydrogel and released
gradually to exert protective and pro-regenerative effects. This schematic depicts the sequential events
following hydrogel administration: lesion filling, sustained drug release, directional cell migration,
and wound closure. These processes are supported by in vitro results presented in following results,
which demonstrate enhanced cell viability, migration, and tight junction restoration in NAC-loaded
hydrogel-treated groups.

Figure 2 presents the rheological response of the chitosan/oxidized dextran hydrogel under a step-
strain recovery test, designed to evaluate its self-healing behavior. When subjected to a high strain
(300%), the hydrogel’s internal network was disrupted, as evidenced by a rapid drop in the storage
modulus (G′) from ~1000 to ~400 Pa. Upon restoring the strain to 1%, G′ gradually recovered over
900 s, reaching approximately 90% of its original value. Throughout the test, the loss modulus (G′′)
remained lower than G′, indicating the hydrogel maintained an elastic-dominant character. These results
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confirm the self-healing property of the hydrogel, driven by reversible Schiff base linkages between
amino groups on chitosan and aldehyde groups on oxidized dextran.

Figure 1. Schematic illustration of an injectable self-healing chitosan-based hydrogel delivering
N-acetylcysteine (NAC) to promote airway epithelial repair. Upon injection at the injury site, the
dynamic imine-crosslinked hydrogel forms in situ, releasing NAC locally. This facilitates epithelial cell
migration and coverage of the damaged region, ultimately supporting restoration of the epithelial barrier

Figure 2. Time-dependent recovery of storage modulus (G′) and loss modulus (G′′) of the chi-
tosan/oxidized dextran hydrogel under step-strain conditions. Upon exposure to high strain (300%) to
disrupt the network, the hydrogel’s G′ sharply decreased. When returned to low strain (1%), G′ gradually
recovered to near-initial levels, confirming the hydrogel’s dynamic self-healing capability based on
reversible imine crosslinking

As shown in Figure 3, the release behavior of NAC from the dynamic covalent chitosan/oxidized
dextran hydrogel was characterized over a 48-h period. The hydrogel demonstrated a biphasic release
pattern: an initial burst within the first 8 h, reaching ~80% release, followed by a slower, sustained
release phase that plateaued around 95%. This profile suggests that NAC molecules were partially
distributed near the hydrogel surface (leading to the burst phase), while the remainder was embedded
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deeper in the network, resulting in prolonged diffusion-controlled release. The release kinetics ensured
continuous exposure of NAC to surrounding cells in subsequent in vitro assays.

Figure 3. Cumulative release profile of N-acetylcysteine (NAC) from the chitosan/oxidized dextran
hydrogel over 48 h. The hydrogel exhibited a rapid initial release phase within the first 8 h, followed
by a sustained and gradual release plateauing near 95%, indicating stable network retention and drug
release capacity

Figure 4 shows the quantitative results of cell viability measured at 24, 48, and 72 h using the CCK-
8 assay. Compared with the control group, both the blank hydrogel (Gel) and NAC-loaded hydrogel
(Gel+NAC) groups promoted epithelial cell proliferation over time. The Gel+NAC group exhibited a
more pronounced increase in viability, with values reaching ~170% at 72 h, significantly higher than
both the control and blank Gel groups. These findings suggest that the dynamic hydrogel provides a
biocompatible environment conducive to cell survival, and the sustained release of NAC further enhances
cellular proliferation.

Figure 5 displays representative images of a scratch assay performed to assess the impact of hydrogel
treatment on airway epithelial cell migration. In the control group, the scratch gap remained wide
after 24 h, indicating limited spontaneous migration. In contrast, the Gel group exhibited moderate
closure of the wound area, suggesting that the hydrogel matrix provides a favorable environment for
migration. Notably, the Gel+NAC group showed a nearly complete closure of the scratch, demonstrating
significantly enhanced migration. These results suggest that both the hydrogel structure and the
therapeutic NAC content synergistically promote epithelial cell motility and wound repair.

Figure 6 presents the quantification of the tight junction protein ZO-1 in airway epithelial cells
after treatment with blank hydrogel (Gel) or NAC-loaded hydrogel (Gel+NAC). ZO-1 expression was
assessed via immunofluorescence staining and normalized to the untreated control group (set at 100%).
Treatment with Gel led to a ~30% increase in ZO-1 levels, whereas Gel+NAC significantly upregulated
expression to ~165%. This result indicates that the hydrogel matrix, particularly when combined with
NAC, enhances epithelial tight junction integrity.
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Figure 4. Effects of hydrogel and NAC-loaded hydrogel on airway epithelial cell viability at 24, 48, and
72 h. Cell viability was measured by CCK-8 assay and expressed as a percentage relative to the control
group (set as 100%). Both hydrogel groups enhanced cell viability over time, with the Gel+NAC group
showing significantly higher viability at all time points, p > 0.05 (ns), *p < 0.05, **p < 0.01

Figure 5. Representative microscopic images of airway epithelial cell migration assessed by scratch
assay after 24 h. Compared with the untreated control, both Gel and Gel+NAC groups exhibited
enhanced wound closure, with Gel+NAC showing the most significant reduction in scratch width

Figure 6. Quantification of ZO-1 expression in airway epithelial cells after treatment with hydrogel
or NAC-loaded hydrogel. ZO-1 levels were measured by immunofluorescence and normalized to the
control group. Both Gel and Gel+NAC groups showed enhanced expression, with the Gel+NAC group
displaying the highest increase, **p < 0.01, ***p < 0.001
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Figure 7 shows the cell viability data of epithelial cells (likely BEAS-2B or similar) cultured with
the different experimental treatments, including the control, gel-only, and Gel+NAC conditions. The
data clearly demonstrates that cells treated with Gel+NAC exhibit a significant increase in viability
compared to both the control and Gel-only groups at the corresponding time points. This suggests that
the presence of NAC within the hydrogel formulation provides a notable cytoprotective effect, likely
through its antioxidant properties. In contrast, the Gel-only group also showed some enhancement over
the control, highlighting the potential structural or supportive effects of the hydrogel itself, though the
Gel+NAC group consistently showed superior performance.

Figure 7. Restoration of cell viability in H2O2-damaged airway epithelial cells after treatment with
hydrogel or NAC-loaded hydrogel. Viability was assessed by CCK-8 assay and expressed as a percentage
relative to the undamaged control. Both Gel and Gel+NAC treatments significantly restored viability,
with the Gel+NAC group approaching near-complete recovery, **p < 0.01, ***p < 0.001

4. Discussion
Figure 1 highlights the conceptual framework of using a dynamic imine-crosslinked hydrogel for

airway epithelial regeneration. The injectable hydrogel system, formed by mixing amino-rich chitosan
and aldehyde-functionalized dextran (oxidized dextran), enables self-healing via reversible Schiff base
bonds, ensuring structural continuity even under airway mechanical stress. The local delivery of NAC
addresses oxidative injury by scavenging reactive oxygen species and inhibiting inflammatory signaling
pathways. Furthermore, NAC promotes epithelial cell proliferation and migration, crucial for mucosal
recovery. The hydrogel’s injectability, self-repairing ability, and therapeutic payload make it well-suited
for localized treatment of epithelial injuries caused by trauma, surgery, or chronic inflammation. Overall,
this platform combines mechanical adaptability and biochemical support to enhance epithelial repair in
a minimally invasive manner [24].

The biphasic release pattern of NAC observed in this study is a characteristic outcome of the dynamic
imine-crosslinked chitosan/oxidized dextran network. The release rate can be readily modulated by
adjusting several formulation parameters, such as the degree of oxidation of dextran, the chitosan-to-
oxidized dextran ratio, and the total polymer concentration. Increasing crosslink density or polymer
content yields a denser network with smaller pore size, thereby retarding diffusion and extending
the sustained release phase. In contrast, a lower crosslink density allows greater chain mobility and
accelerates the initial burst.

Such tunability is therapeutically significant for airway repair. The initial burst release provides
rapid NAC delivery to immediately scavenge reactive oxygen species and attenuate acute inflammatory
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signaling at the injury site. This early-phase antioxidant protection is critical to preserve epithelial
cell viability and prevent further tissue damage. The subsequent sustained release phase ensures
a prolonged local supply of NAC, maintaining a microenvironment that supports epithelial cell
migration, proliferation, and tight-junction protein (ZO-1) upregulation, which collectively contribute
to barrier restoration. Hence, rather than being a limitation, the biphasic release behavior represents an
advantageous, controllable feature of the hydrogel system that aligns well with the temporal needs of
airway mucosal healing.

The rheological recovery behavior shown in Figure 2 demonstrates that the chitosan/oxidized dextran
hydrogel possesses excellent self-healing ability, critical for applications in dynamic environments such
as the airway. The reversible drop and gradual restoration of G′ reflect the breakage and reformation of
imine bonds under cyclic strain, a hallmark of dynamic covalent crosslinked systems [25]. This feature
ensures that the hydrogel can maintain mechanical integrity and adhesion at the tissue interface even after
mechanical deformation (e.g., during coughing or airflow) [26]. Moreover, this self-healing behavior
contributes to the long-term stability and sustained therapeutic effect of the hydrogel system, supporting
its use as a smart, minimally invasive material for epithelial tissue repair [27].

The self-healing behavior of the hydrogel plays a critical role in maintaining its functional stability
in the mechanically dynamic airway environment. During respiration or coughing, the mucosal surface
is repeatedly stretched and subjected to shear stress, which can lead to disruption of conventional
hydrogels. The dynamic imine-crosslinked network described here allows rapid reconstruction of broken
bonds, enabling the hydrogel to spontaneously recover its integrity and maintain close contact with the
epithelial tissue. In this study, the endpoint of self-healing was defined as the recovery of the storage
modulus (G′) to at least 90% of its initial value following high-strain deformation. This quantitative
criterion indicates that the hydrogel can restore its internal crosslinked structure effectively, ensuring
long-term mechanical stability and continuous drug release at the site of application.

The release kinetics of NAC from the self-healing hydrogel indicate that this system provides
both immediate and sustained therapeutic delivery [28,29]. The initial burst release may be beneficial
for neutralizing accumulated ROS and reducing acute oxidative stress at the injury site, while the
sustained release supports long-term anti-inflammatory and epithelial repair processes. The dynamic
imine-crosslinked network not only ensures mechanical adaptability (as shown in Figure 2), but also
offers a diffusion-regulated matrix that preserves drug stability and avoids premature leakage [30].
Such a release profile is particularly favorable for treating airway injury, where both early intervention
and prolonged support are required to prevent secondary damage and promote mucosal healing [31].
Beyond the initial 48 h, the hydrogel continues to release NAC at a low but steady rate due to the
reversible nature of its dynamic covalent crosslinks. This prolonged release phase plays an essential
role in maintaining a stable antioxidant microenvironment throughout the extended period of epithelial
remodeling. Continuous exposure to NAC prevents secondary ROS accumulation, suppresses chronic
inflammatory responses, and supports late-stage cellular activities such as proliferation, differentiation,
and tight-junction stabilization. Therefore, the long-term release capacity of the chitosan/oxidized
dextran hydrogel is not merely a kinetic feature but a critical determinant of durable airway barrier
recovery. The therapeutic benefits of the hydrogel system are closely linked to the temporal profile of
NAC release. The rapid burst phase ensures immediate antioxidant protection, neutralizing excessive
ROS and alleviating acute oxidative damage to epithelial cells. This early response preserves cell
viability and prevents apoptosis, creating a favorable foundation for tissue recovery. Subsequently,
the sustained release phase maintains a moderate NAC concentration that continuously suppresses
residual oxidative and inflammatory signaling. Such a stable redox environment promotes epithelial cell
proliferation and migration, as well as the reassembly of tight junction proteins like ZO-1, which are
essential for barrier restoration. Therefore, the sequential release of NAC not only provides chemical
protection but also orchestrates the cellular events required for efficient airway epithelial regeneration.
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The cell viability data in Figure 4 confirm the cytocompatibility and bioactivity of the chi-
tosan/oxidized dextran hydrogel system. The hydrogel alone provided a favorable 3D matrix that
supports epithelial adhesion and spreading. The additional incorporation of NAC further boosted cell
viability, likely due to its antioxidant and cytoprotective effects under oxidative culture conditions. This
is particularly relevant for epithelial repair, where cellular regeneration must be sustained in a ROS-rich
microenvironment. The time-dependent enhancement observed here aligns with the NAC release profile
(Figure 3), indicating that the therapeutic payload is delivered in a bioavailable and effective manner.
Overall, these results demonstrate that the hydrogel platform not only supports cell growth but also
enables pharmacologically active repair.

The scratch assay results in Figure 5 support the pro-migratory effect of the chitosan/oxidized
dextran hydrogel, particularly when loaded with NAC. Cell migration is a critical step in epithelial
wound healing, enabling re-epithelialization and restoration of barrier function. The enhanced closure
observed in the Gel+NAC group is attributed to NAC’s known ability to modulate oxidative stress,
reduce inflammatory signaling, and promote cytoskeletal reorganization, all of which facilitate cell
motility [32]. Additionally, the hydrogel’s hydrated, permissive environment supports directional cell
movement. These findings align with the viability data in Figure 4 and further confirm the regenerative
potential of the hydrogel system in airway epithelial repair applications.

The increase in ZO-1 expression observed in Figure 6 highlights the potential of the hydrogel system
to promote epithelial barrier reconstruction. ZO-1 is a key tight junction protein involved in maintaining
the selective permeability and structural integrity of epithelial layers. Upregulation of ZO-1 suggests
not only improved cell–cell contact but also functional recovery of the epithelial barrier. The stronger
effect seen in the Gel+NAC group is likely due to NAC’s ability to suppress oxidative damage and
inflammation, thereby facilitating tight junction reassembly. Together with the migration and viability
data (Figures 4 and 5), this result supports the conclusion that the NAC-loaded self-healing hydrogel
promotes both structural and functional repair of airway epithelial tissue.

The results presented in Figure 7 highlight the beneficial effects of NAC when delivered through
the self-healing hydrogel system. The significant increase in cell viability observed in the Gel+NAC
group compared to the control and Gel-only groups suggests that NAC, when delivered in a sustained
and localized manner via the hydrogel, exerts protective effects against cellular oxidative stress, which
is commonly induced in the context of airway epithelial injury.

While the Gel-only group shows a modest improvement in cell viability compared to the control,
this indicates that the hydrogel itself may provide some mechanical support or protective effects, such
as by preventing cell detachment or promoting cell adhesion. However, it is clear that the presence of
NAC enhances the cellular response beyond the matrix’s physical effects alone. NAC, as an antioxidant,
likely scavenges reactive oxygen species (ROS) and alleviates oxidative stress, leading to improved cell
survival. This is particularly relevant in the context of airway epithelial repair, where oxidative damage
often contributes to tissue injury and delayed healing.

The combination of the self-healing hydrogel matrix and NAC’s antioxidant properties provides a
dual mechanism to promote cellular repair, making it a promising system for localized therapy in the
airways. Further studies could explore the specific pathways involved, such as NAC’s role in regulating
ROS signaling or its interaction with tight junction proteins like ZO-1 to restore barrier function
more effectively.

5. Conclusion
In this study, we developed a self-healing injectable hydrogel based on dynamic Schiff base

crosslinking between chitosan and oxidized dextran for the localized delivery of N-acetylcysteine (NAC)
to promote airway epithelial repair. The hydrogel exhibited excellent self-healing behavior, as confirmed
by time-dependent rheological recovery, enabling it to maintain integrity under mechanical stress. In
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vitro drug release assays demonstrated a biphasic release profile of NAC, providing both rapid and
sustained therapeutic exposure.

Biocompatibility assessments showed that both the blank hydrogel and NAC-loaded hydrogel
supported epithelial cell viability, with the NAC formulation significantly enhancing proliferation.
Scratch assays revealed that the hydrogel system promoted epithelial migration, particularly in the
presence of NAC. Furthermore, immunofluorescence quantification indicated that ZO-1 expression,
a key marker of epithelial tight junction integrity, was markedly upregulated in the hydrogel-treated
groups. Finally, under oxidative stress induced by H2O2, the NAC-loaded hydrogel effectively restored
cell viability, highlighting its protective capability in injury-mimicking environments.

Collectively, these findings demonstrate that the chitosan/oxidized dextran self-healing hydrogel is
a promising platform for airway epithelial regeneration, offering injectability, mechanical adaptability,
and controlled drug delivery. This system provides a minimally invasive strategy for enhancing mucosal
healing in respiratory diseases and post-surgical repair.
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